To determine whether a novel optical treatment using contact lenses to reduce relative peripheral hyperopia can slow the rate of progress of myopia. METHODS. Chinese children, aged 7 to 14 years, with baseline myopia from sphere Ϫ0.75 to Ϫ3.50 D and cylinder Յ1.00 D, were fitted with novel contact lenses (n ϭ 45) and followed up for 12 months, and their progress was compared with that of a group (n ϭ 40) matched for age, sex, refractive error, axial length, and parental myopia wearing normal, single-vision, spherocylindrical spectacles. RESULTS. On adjusting for parental myopia, sex, age, baseline spherical equivalent (SphE) values, and compliance, the estimated progression in SphE at 12 months was 34% less, at Ϫ0.57 D, with the novel contact lenses (95% confidence interval [CI], Ϫ0.45 Ϫ0.69 D) than at Ϫ0.86 D, with spectacle lenses (95% CI, Ϫ0.74 to Ϫ0.99 D). For an average baseline age of 11.2 years, baseline SphE of Ϫ2.10 D, a baseline axial length of 24.6 mm, and 320 days of compliant lens wear, the estimated increase in axial length (AL) was 33% less at 0.27 mm (95% CI, 0.22-0.32 mm) than at 0.40 mm (95% CI, 0.35-0.45 mm) for the contact lens and spectacle lens groups, respectively. CONCLUSIONS. The 12-month data support the hypothesis that reducing peripheral hyperopia can alter central refractive development and reduce the rate of progress of myopia. (chictr.org number, chiCTR-TRC-00000029 or chiCTR-TRC-00000032.) (Invest Ophthalmol Vis Sci. 2011;52: 9362-9367)
I n addition to the cost, inconvenience, and complications associated with traditional optical and surgical correction strategies, myopia is associated with ocular complications that can lead to permanent vision loss. Excessive axial elongation in high myopia increases the risk for cataract, glaucoma, chorioretinal degeneration, and idiopathic retinal detachment [1] [2] [3] and is a leading cause of permanent visual impairment. 4, 5 Recent evidence suggests that the prevalence of myopia and its impact on society is increasing rapidly. In parts of East Asia, myopia has reached epidemic proportions; its prevalence now exceeds 80% in some groups. 4,6 -8 A recent study indicates that the prevalence of myopia in the United States adult population has risen from approximately 25% to 42% from 1972 to 2002, with high myopia also increasing substantially. 9 Effective treatment strategies to reduce the rate of myopia progression would be very beneficial.
A variety of interventions have been used to control the progression of myopia. Cholinergic muscarinic antagonists such as atropine have shown some promise in clinical trials; however, concerns about posttreatment rebound effects and long-term ocular and visual consequences have limited the use of these agents. 10 -12 Optical treatment strategies, in general, provide acceptable risk profiles. Traditional optical treatment regimens for slowing myopia progression, based primarily on the assumption that visual signals from the fovea dominate refractive development, have had limited success. Undercorrection actually accelerates the rate of myopia progression. 13 Bifocal and multifocal spectacle lenses have generally had limited effect, 14 -16 but executive bifocal spectacles in some myopia subgroups, contact lens orthokeratology, and a variety of bifocal contact lenses have shown promise. [17] [18] [19] Studies of the mechanisms that regulate refractive development suggest that optical treatment strategies directed at the retinal periphery might be more effective in controlling eye growth and refractive development. In particular, experiments in monkeys indicated that visual signals from the fovea are not essential for many aspects of vision-dependent growth; that peripheral visual signals can, in isolation, direct refractive development; and that, when there are conflicting visual signals in the central and peripheral retina, the peripheral retinal signals can dominate axial growth and central refractive development (Smith I, et al. IOVS 2007; 48 :ARVO E-Abstract 1533). 20 As early as 1971, Hoogerheide et al. 21 reported that emmetropic or hyperopic pilots who later showed a myopic shift in refraction had relative hyperopic peripheral refraction profiles. A number of studies in human patients have confirmed that myopic eyes exhibit relative peripheral hyperopia. [22] [23] [24] Although results have been equivocal about whether relative peripheral hyperopia is a risk factor for central axial myopia, 24 -26 it has been suggested that optical interventions should not only correct central refractive error to obtain clear vision but also correct peripheral hyperopia to slow the progress of myopia. 20, 27 In a recent study, we found that though there was no significant difference in progression overall, 1 of 3 experimental spectacle lenses designed to reduce relative peripheral hyperopia produced a statistically significant 30% reduction in myopia progression over a 12-month period in a subgroup of children 6 to 12 years of age whose parents had a history of myopia. 28 In the present study, we tested the peripheral hyperopia reduction hypothesis using novel contact lenses. In contrast to the experimental spectacle lenses used previously, 28 these novel contact lenses were designed not only to correct central vision with a central zone that corrected for the central refractive error but also to produce a peripheral hyperopia-reducing effect by greater reduction in the degree of relative peripheral hyperopia, shifting in the effective peripheral treatment zone closer to the visual axis, and a more prevailing consistent stimulus because contact lenses largely remained aligned with the eyes when they moved.
METHODS

Study Population
The two study population groups were derived from two separate, randomized, prospective clinical studies conducted at Zhongshan Ophthalmic Centre, Guangzhou, China. The study group consisted of 60 Chinese children aged 7 to 14 years, with baseline spherical refractive corrections ranging from Ϫ0.75 to Ϫ3.50 D and Ϫ1.00 D or less of astigmatism based on cycloplegic autorefraction, who were fitted with the novel contact lenses. The group used for comparison consisted of 40 children who wore standard, single-vision, spherocylindrical spectacles. The children in both contact lens spectacle lens groups were from the same geographic and demographic locale; were examined by the same researchers using the same facilities, equipment, and methods; and had the same baseline ocular characteristics and age range. Eligible children from both studies had vision correctable to at least 6/9.5 in both eyes, exhibited normal ocular findings, and were willing to wear the lens type assigned to them and to adhere to the protocol schedule. Children with binocular vision conditions such as strabismus, any ocular or systemic condition associated with myopia (e.g., Marfan syndrome, retinopathy of prematurity), history of orthokeratology lens wear, bifocal or progressive addition spectacles in the past 12 months, atropine treatment for myopia control, or known allergy to tropicamide or proparacaine were excluded from participation in the trial. The study was approved by the Institutional Ethics Committee of Zhongshan Ophthalmic Centre and adhered to the Declaration of Helsinki for Experimentation on Humans. Both trials were registered with the China Clinical Trial Registry and adhered to ICH and WHO Good Clinical Practice guidelines.
Contact Lens Design
Treatment contact lenses were made of a silicone hydrogel lens material (8.6-mm base curve, 14.2-mm diameter; Lotrafilcon B, CIBA Vision, Duluth, GA). The lenses had a clear central zone that corrected for the refractive error of the eye as measured centrally (1.5-mm semichord and 1. 5 mm within a relative plus of ϩ0.25 D). Outside the central zone, the refracting power of the lens increased progressively in relative positive power to reach a relative positive power of ϩ1.00 D at 2 mm semichord and ϩ2.00 D at the edge of the peripheral treatment zone (total treatment zone, 9 mm).
The contact lenses were worn for at least 8 hours a day, 5 days a week. A hydrogen peroxide disinfection system (Clear Care; CIBA Vision) was used for lens cleaning and disinfection, and the lenses were replaced on a monthly basis. Standard spectacle lenses were worn at other times.
Study Procedures
The contact lens-wearing subjects were examined after 1 month and then at 3-month intervals. The spectacle lens-wearing subjects were examined at 6-month intervals. The primary outcome measures were change in central refractive error and axial length as measured at the 6-and 12-month visits. Central spherical equivalent refractive error was determined using cycloplegic autorefraction and a modified open-field autorefractor (NVision-K5001; Shin-Nippon, Tokyo, Japan). Cycloplegia was induced with 2 drops of tropicamide 1% preceded by 1 drop of a topical anesthetic (1% proparacaine). 29 At least 30 minutes passed between the instillation of the drops to measurements. Before examination, the pupils were checked to ensure that they were dilated and nonresponsive to light. Accommodative responses were not measured. Five autorefractor measurements were obtained for each eye and averaged. Axial length was measured by partial coherence interferometry (IOLMaster; Carl Zeiss, Oberkochen, Germany). Three axial length measurements were obtained and averaged before data analysis. Both cycloplegic autorefraction and axial length were measured at baseline and at 6-month intervals for both groups.
Peripheral refraction for each eye was measured using the ShinNippon autorefractor at baseline, both with and without optical correction in place. To limit potential translocation of the contact lenses associated with large eye turns, off-axis measurements were obtained by having the subject rotate his or her head to fixate on auxiliary fixation targets to maintain the eyes in the primary position. Measurements were made in the nasal and temporal horizontal hemifields at 20°, 30°, and 40°. Measurements at each fixation point were repeated five times.
At baseline, both spectacle and contact lenses were dispensed based on the spherical equivalent of cycloplegic manifest refraction and were refined using subjective refraction. At follow-up visits, children received new lenses if either their visual acuity had dropped by more than a full line of logMAR chart letters or if there had been a change in refractive error of Ϫ0.50 D or greater or at the clinician's discretion if the child experienced visual symptoms.
To measure compliance, subjects were provided with a diary to record the number of hours the lenses were worn in a given day and the days on which the lenses were not worn. Data from this diary were used to compute compliance days with the following formula: Compliance Days ϭ (Total Days in Study Ϫ Total Days Not Worn) ϫ (Average Hours Worn Each Day/12).
Statistical Analysis
For the analysis, data for children who attended at least the 6-month visit were included in the analysis of progression of myopia. In the contact lens group, 15 children discontinued from baseline before 6 months primarily because of lens discomfort and loss to follow-up; therefore, information on the progression of myopia was not available for these children. Data for 45 children from the contact lens group and 40 children from the spectacle group were analyzed. Changes in spherical equivalent and axial length from baseline computed for each subject-eye were compared between the two groups at 6 and 12 months using a linear mixed model with fixed and subject random intercepts. The percentage of subject eyes that progressed by 0.75 D was analyzed using logistic regression with a robust estimate of variance. Both linear mixed model and logistic regression were adjusted for age at baseline, sex, parental myopia, compliance, and baseline values of the outcome variables, and both analyses accounted for the within-subject correlation of data. Based on the models, estimated means and odds ratios with their 95% confidence intervals (CIs) were calculated. Peripheral refraction of the right eyes relative to central refraction was compared between the groups using repeated-measures ANOVA, with the degrees of eccentricity as the within-subject factor. The level of statistical significance was set at 5%. Figure 1 outlines the subject flow through the study, and Table 1 compares the biometric data of subjects in the contact lens and spectacle lens groups included in the analysis. The 15 children who discontinued before the 6-month visit did not differ significantly from those who continued in their baseline characteristics except for age (Table 2 ). At baseline, there were no significant differences between the contact lens and the spectacle lens groups in the relative numbers of boys and girls, the prevalence of parental myopia, axial length, and M and J45 refractive error components. The J0 component was slightly larger in the spectacle lens group. Although falling into the same overall age range, the spectacle lens group was slightly younger than the contact lens group. Adjustment was made for this age difference, as described.
RESULTS
Relative Peripheral Refractive Error Profile
The relative peripheral refractive error profiles for both subject groups at baseline are shown in Figure 2 . Without the correcting lenses, the contact lens and spectacle lens groups exhibited similar amounts of relative hyperopia in the periphery, and there were no differences between the groups in the magnitude of relative hyperopia at any eccentricity (P ϭ 0.157). For both subject groups, the rate of increase in relative hyperopia varied between the nasal and the temporal retinal hemifields. In the nasal field, there was little change in spherical-equivalent refractive error over the central 20°; thereafter, the relative hyperopia increased rapidly to ϩ2.23 Ϯ 1.51 D and ϩ2.50 Ϯ 1.09 D at the 40°nasal field eccentricity in the spectacle lens and contact lens groups, respectively. In the temporal field, the average degrees of relative hyperopia increased gradually to ϩ1.46 Ϯ 0.86 D and ϩ1.77 Ϯ 1.1 D at the 40°temporal field eccentricity for the spectacle lens and contact lens groups, respectively.
The standard design spectacle lenses increased the amount of relative peripheral hyperopia symmetrically in the nasal and temporal hemifields (P Ͻ 0.001 at 30°nasal and 40°temporal; P ϭ 0.120 and P ϭ 0.136 at 20°nasal and temporal). In contrast, and by design, the novel contact lenses reduced peripheral hyperopia. The reduction was most obvious in the nasal hemifield. Compared with spectacle lens-wearing eyes, the contact lens-wearing eyes had less hyperopic/more myopic relative peripheral refractions (P Ͻ 0.001 at 20°, 30°, and 40°eccentricities in the nasal field and at the 30°and 40°e ccentricities in the temporal field; P ϭ 0.201 at 20°in the temporal field). Moreover, at the 20°and 30°nasal field eccentricities, average ametropias for the contact lens-wearing eyes were relatively more myopic than the central refractions.
Relative peripheral refractions in the nasal and temporal fields (each of the eccentricities) were assessed for association with progression of central myopia at 12 months (Table 3) . After adjusting for age, sex, and parental myopia, relative peripheral refractions at the 30°and 40°nasal field eccentricities and the 40°temporal field eccentricity were negatively correlated with myopia progression (i.e., greater relative peripheral hyperopia at these field positions was associated with greater central progression at 12 months).
Spherical Equivalent: Changes at 6 and 12 Months
The spectacle lens group exhibited more change in SphE than the contact lens group at both 6 months (Ϫ0.57 Ϯ 0.33 D vs. Ϫ0.28 Ϯ 0.28 D; P Ͻ 0.001) and 12 months (Ϫ0.84 Ϯ 0.47 D vs. Ϫ0.54 Ϯ 0.37 D; P ϭ 0.002) (Fig. 3) . After adjusting for age, sex, parental myopia, baseline SphE, and compliance, the estimated progression mean at the 12-month visit was Ϫ0.86 D for the spectacle group (95% CI, Ϫ0.74 to Ϫ0.99 D) and Ϫ0.57 D for the contact lens group (95% CI, Ϫ0.45 to Ϫ0.69 D), a 34% reduction.
At 12 months, 59.4% of the spectacle lens-wearing eyes had progressed by at least Ϫ0.75 D in comparison to only 28.6% of the eyes in the contact lens group, with the odds of progressing by at least Ϫ0.75 D significantly higher in the spectacle lens group (odds ratio, 3.8; 95% CI, 1.5-9.5; P ϭ 0.005).
Axial Length: Changes at 6 and 12 Months
Mean changes in axial length at 6 months were 0.26 Ϯ 0.12 mm for the spectacle group versus 0.09 Ϯ 0.11 mm for the contact lens group, and at 12 months they were 0.39 Ϯ 0.19 mm versus 0.24 Ϯ 0.17 mm, respectively (Fig. 3) . Both sets of differences were significant (P Ͻ 0.001 and P ϭ 0.001 at 6 and 12 months). After adjusting for age, sex, parental myopia, baseline axial length, and compliance, the estimated mean 
Visual Acuity
Corrected high-contrast visual acuity measured in LogMAR units was not different between the spectacle lens-and the contact lens-wearing eyes at baseline (0.01 Ϯ 0.04 for spectacle lens-vs. Ϫ0.02 Ϯ 0.06 for contact lens-wearing eyes; P ϭ 0.148) or at the 6-month visit (0.05 Ϯ 0.08 for spectacle lensvs. 0.02 Ϯ 0.06 for contact lens-wearing eyes; P ϭ 0.125). Moreover, presenting high-contrast visual acuities were not different between the spectacle lens-and the contact lenswearing eyes at the 6-month (P ϭ 0.761) and 12-month (P ϭ 0.577) visits.
Corneal Radius of Curvature
There were no between-group differences in the radii of curvature of the cornea for the steep and flat meridians, as obtained with the IOL master at baseline and at 6 and 12 months (Table 4) .
Compliance with Lens Wear
Children wearing spectacles reported that they wore spectacles for 350 Ϯ 65 days compared with 296 Ϯ 81 days for children wearing contact lenses. The difference between the groups was significant (P ϭ 0.002).
DISCUSSION
After adjusting for factors that are known to influence myopia progression, such as age, sex, parental myopia, baseline refractive error, and compliance, the novel contact lenses that reduced relative peripheral hyperopia reduced myopia progression by approximately one-third in similar comparison with traditional spectacle lenses over the 12-month period. From a therapeutic perspective, it is important that this reduction in myopia progression was associated with a decrease in the axial elongation rate of the eye. It is important to note that, as reported previously, 23 traditional single-vision spectacle lenses actually increased the degree of peripheral hyperopia from the uncorrected state.
The analysis included only data from subjects who attended at least the 6-month visit; data on change in or progression of myopia were not available for subjects who discontinued before the 6-month visit. Overall, the novel contact lenses used in this study produced a greater relative reduction in the rate of myopia progression than that observed in the previous study of spectacle lenses designed to reduce the degree of relative peripheral hyperopia. 28 It is likely that the novel contact lenses were more widely effective in reducing myopia progression. At times, the peripheral treatment zones of the contact lenses were more consistent because they moved with the eyes and were located closer to the central retinas than were the peripheral treatment zones in the spectacle lenses. As illustrated in Figure 2 , in comparison to the uncorrected state, the novel contact lenses reduced the amount of peripheral hyperopia, particularly in the nasal field, where the treated eyes showed absolute myopic peripheral refractions. In contrast, the treatment zones of the experimental spectacle lenses 28 did not significantly reduce the degree of relative peripheral hyperopia at all within the 40°field.
Although the peripheral treatment zones of the novel contact lenses were concentric and radially symmetric, there were nasal-temporal asymmetries in the peripheral refractive error changes produced by the contact lenses, with a greater reduction of relative peripheral hyperopia in the nasal field than in the temporal field. A likely explanation for the asymmetry is that the lenses were systematically decentered from the visual axis, centering, as contact lenses usually do, on the geometric center of the cornea.
The present study used modified open-field autorefractor (NVision-K5001; Shin-Nippon) for central and peripheral re- fractive error measurements. The small target (2.3 mm) has advantages when measuring eccentric angles because the small target diameter fits easily into the horizontal minor axis of the elliptical pupil. However, we have not determined whether the off-axis measurements taken through the novel, aspheric contact lenses are comparable to results obtained with an aberrometer.
Studies have indicated that reduction in the lag of accommodation 14, 15, 18 and sustained and simultaneous myopic defocus may act to slow the progression of myopia. 30, 31 Bifocal contact lenses have also been found effective in controlling the progression of myopia in children with near esophoria. 17 In the present study, it is possible that with lens decentration and with varying pupil sizes, portions of the treatment zone encroached on the pupil, resulting in some amount of simultaneous myopic defocus on the retina or a reduction in the lag or accommodation. It is a limitation of the study that effects such as accommodative lag, pupil size, and retinal image quality have not been specifically investigated; therefore, it is unclear whether the lenses played a role in the reduction of myopia by mechanisms other than the reduction of peripheral hyperopic defocus. In addition, as stated previously, the role of peripheral hyperopia as a risk factor for central myopia is uncertain. 20 In a recent study, we found that overall there were no significant differences in the rates of progression of myopia for children wearing 1 of 3 experimental spectacle lenses designed to reduce relative peripheral hyperopia compared with a control single-vision lens. However, with one of the experimental designs, there was a statistically significant 30% reduction in myopia progression over a 12-month period in a subgroup of children 6 to 12 years of age with a history of parental myopia. 28 It is possible that the reduction in hyperopic defocus in children at higher risk for progression reduced the rate of progression of myopia.
Another limitation of the study was the lack of randomization (though each group had been randomly assigned to its respective treatment regimens in spectacles or contact lenses in separate studies). Although the contact and spectacle lens groups had similar entry criteria for age and other features, there was still a slight difference in age between the groups, with the spectacle group presenting at a slightly younger baseline age than the contact lens group. However, when we adjusted for age in the analyses, the percentage reduction in progression rates between the spectacle and contact lens groups was essentially unaffected by this difference. The percentage reduction based on observed means was 36%, and it was 34% based on estimated means. Another limitation was that information on the efficacy of the treatment was available only for a 1-year follow-up. Although some studies found optical treatment effects to continue beyond 12 months, 12, 18 the Correction of Myopia Evaluation trial found the effect to be limited to the first year of treatment.
14 Clearly, further studies are required to determine the efficacy of these contact lenses in slowing the progression of myopia over several years.
Myopia control strategies based on manipulating peripheral vision might be more effective using contact lenses than spectacle lenses; however, many more children wear spectacles than contact lenses. Moreover, factors such as convenience, ability to handle contact lenses, and potential adverse events are greater issues with contact lens wear. There is mounting 32, 33 A recent study demonstrated that the incidence of adverse events in children aged 8 to 13 years using contact lenses is low (Chalmers RL, et al. IOVS 2010;51:ARVO E-Abstract 1524). The present study also found that children as young as 7 years are able to successfully wear contact lenses. There were, however, far more discontinuations and subjects lost to follow-up in the contact lens group than in the spectacle group. Discomfort was the most frequently cited reason for discontinuation from lens wear (11.7%), followed by handling issues (1.7%). Noncontact lens-related reasons such as geographic relocation (8.3%) and disinterest (6.7%) were substantial.
In conclusion, contact lenses that decrease the relative degree of peripheral hyperopia while maintaining clear vision demonstrate promise as a strategy for reducing myopia progression in children. Clearly, larger and longer studies are needed using these lens designs to ensure the longevity of these effects on myopia progression and to maximize the benefits for individual children. It is absolutely critical that every effort be made to maximize the efficacy of contact lenses, to reduce the risk of adverse events, and to increase comfort to sustain contact lens wear.
